US children in 2013 (http://www.cdc.gov/injury/wisqars/ index.html).
In the state of Tennessee, the annual death rate from intracranial GSWs (all ages) was 9.19 deaths per 100,000 population from 2004 to 2010 (http://www.cdc.gov/ injury/wisqars/index.html). The number of deaths over this time period was highest in Shelby County, where 561 people died from a GSW to the head. The annual death rate for intracranial GSWs in pediatric patients in the state of Tennessee was 1.60 deaths per 100,000 population, and again the rate was highest in Shelby County with 51 deaths over this 6-year period (http://www.cdc. gov/injury/wisqars/index.html).
Pediatric GSWs present a challenge to pediatric neurosurgeons owing to their relative rarity and the consequent paucity of literature. As suggested by some, caution should be exercised when making clinical corollaries from the literature on adults to the pediatric population. 2, 7, 11 As is the general rule for traumatic brain injury of any etiology, children typically have lower overall mortality and a greater propensity for neurological recovery than their adult counterparts, making it more difficult to prognosticate and administer appropriate intervention(s). 2, 7, 11, 16, 19, 22, 24 In 2012, Bandt et al. proposed the St. Louis Scale for Pediatric Gunshot Wounds to the Head. 2 This tool, based on physical examination and imaging findings, is a scoring algorithm that rapidly provides prognostic information to clinicians for guidance in emergency management decisions. The purpose of the present study was 2-fold: 1) to review our pediatric GSW experience in an attempt to identify predictors of death, and 2) to externally validate the St. Louis scale.
methods study Questions
We sought to answer 2 questions with our research: 1) What are the predictors of mortality in children who have sustained a cranial penetrating (that is, through the skull, dura mater, and brain) GSW? 2) Can the St. Louis scale accurately predict survival and death in our patient population?
Patient selection and outcomes
This retrospective study was approved by the University of Tennessee Health Science Center Institutional Review Board. All pediatric patients presenting with gunshot injuries to the head who received care in Memphis, Tennessee, at Le Bonheur Children's Hospital or the Elvis Presley Memorial Trauma Center between 1996 and 2013 were initially screened for study inclusion. Patients were eligible if they suffered a firearm-induced, penetrating, intradural traumatic brain injury and were 18 years old or younger. Patients with multiple traumas, including concomitant extracranial penetrating injuries, were not included. Glasgow Outcome Scale (GOS) score at the last available follow-up was the primary outcome, with particular attention paid to a GOS score of 1, which is defined as death.
medical and surgical management
For patients in whom an intracranial pressure (ICP) monitor (intraparenchymal sensor or external ventricular drain) had been placed, the goal ICP was less than 20 cm H 2 O or mm Hg, utilizing any number of standard ICPlowering interventions. Concurrently, we attempted to maintain the cerebral perfusion pressure above 40-60 mm Hg, depending on the age of the child, by using intravenous fluids and vasopressors. Barbiturate coma was induced only if all medical and surgical options had been exhausted.
When surgery was performed, we followed principles consistent with what was published in the American Association of Neurological Surgeons (AANS)/Congress of Neurological Surgeons (CNS) guidelines for the surgical management of penetrating brain injury. 29 Surgery was undertaken in all adequately resuscitated patients who we believed could survive their injury. It is our general philosophy that if the neurological exam and imaging studies support meaningful survival or if there is a reasonable chance of this occurring, surgery should not be delayed by gathering ICP data. Operative intervention ranged from wound debridement and small craniotomy to full decompressive craniectomy with duraplasty. Indications for decompressive craniectomy included, but were not limited to, significant preoperative midline shift as a result of cerebral edema and/or intracranial hematoma, intraoperative or anticipated postoperative brain swelling (preemptive decompressive craniectomy), or intractable intracranial hypertension occurring after primary debridement and not responsive to maximum medical management.
data collection and analysis
Patient demographics, initial neurological examination results and Glasgow Coma Scale (GCS) score, initial ICP (if applicable), vital signs, initial trauma laboratory values, and details of the hospital stay were obtained from the chart review. Initial CT findings were analyzed for the following: 1) penetration of the deep nuclei (thalamus, caudate, putamen, and globus pallidus) and/or third ventricle by bone or metallic fragments; 2) any shift of the midline structures; 3) number of lobes penetrated (single lobe designation for infratentorial injury); 4) unilateral or bilateral hemispheric involvement; 5) intracranial compartments involved (supratentorial, infratentorial, or both); and 6) transventricular projectile trajectory. The St. Louis scale score, as detailed in the original publication, was calculated retrospectively for each patient. 2 In summary, the score is composed of 9 items: 3 primary (3 points each), 3 secondary (2 points each), and 3 tertiary (1 point each) predictive criteria (Table 1) . A maximum of 18 points is possible.
statistical analysis
Bivariate analyses using chi-square and Fisher's exact tests were performed to evaluate individual effects of each clinical and radiological criterion against overall survival: 1) ICP > 30 cm H 2 O; 2) bilateral fixed pupils; 3) systolic blood pressure (SBP) < 100 mm Hg; 4) hematocrit < 30%; 5) base deficit < -5 mEq/L; 6) international normalized ratio (INR) > 1.5; 7) deep nuclear and/or third ventricular injury; 8) mixed supra-/infratentorial injury; 9) injury to ≥ 3 lobes, transventricular projectile trajectory; 10) bihemi-spheric injury; and 11) midline shift. For age comparison, the cohort was divided into 2 groups: those 0-9 years and those 10-18 years. An a value of 0.05 was chosen for statistical significance. Statistical analysis was performed using commercially available software (Prism 6.0, GraphPad).
results demographics and Presentation
Seventy-one pediatric patients with an intracranial GSW presented to 1 of 2 Level 1 trauma centers between January 1996 and December 2013. The demographics of this population are summarized in Table 2 . The majority (57 [80.3%] of 71) were male, and the mean age at presentation was 14 years (range 19 months-18 years). The mean GCS score was 7.4 ± 5.0, with the frequency of scores on admission having a bimodal distribution (Fig. 1 ). Bilaterally fixed pupils and anisocoria were present in 52% (37 of 71) and 14% (10 of 71) of patients, respectively.
hospital course
Surgical intervention was performed in 39 patients (54.9%). Eighteen patients underwent a craniotomy, including debridement of skin, skull, dura, and brain. Retained bone and metallic fragments that were easily accessible were removed. One patient developed a wound infection requiring debridement. Twenty-one patients underwent decompressive craniectomy either preemptively (18 patients) or secondarily (3 patients) because of refractory intracranial hypertension. Postoperative complications in this group included 5 wound infections requiring reoperation and 3 cerebrospinal fluid leaks.
Among survivors (37 patients), the mean duration of mechanical ventilation, stay in the intensive care unit, and overall hospital stay was 11.3 days (range 0-44 days), 12.0 days (range 1-33 days), and 14.8 days (range 2-44 days), respectively. Overall, 22 patients were discharged home and 15 patients were discharged to a rehabilitation facility or unit.
outcome
The overall mortality rate in this series of patients was 47.9% (34 of 71). Figure 2 shows the distribution of GOS scores overall and among those who underwent surgical intervention (39 patients), 2 of whom died postoperatively (5.1%) and 30 (76.9%) of whom had a good clinical outcome (GOS Score 4 or 5). As shown in Fig. 3 , there was a linear relationship between GCS score at presentation and GOS score at the last follow-up.
The clinical and radiological findings of the survivors, stratified by either a poor (GOS Score 2 or 3, 7 patients) or a good (GOS Score 4 or 5, 30 patients) outcome, are listed in Table 3 . In general, the children with a good clinical outcome had fewer of the noted findings than those with a poor outcome. It is difficult to draw meaningful conclusions regarding outcome prediction, however, given the relative scarcity of these findings among survivors. 
Predictors of mortality
Bivariate results are presented in Table 4 . Nine of the 16 variables tested were predictive of death (p < 0.05).
st. louis scale for Pediatric gunshot wounds to the head
The mean score on the St. Louis Scale for Pediatric Gunshot Wounds to the Head in children who survived and those who died was 2.8 (range 0-12) and 10 (range [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , respectively. Table 5 shows the average scores and range for the survivors by GOS score. Interestingly, there were 9 survivors (24.3%) in the cohort whose St. Louis score was ≥ 5. All of these patients underwent surgery at the time of presentation. Three of these patients had a GOS score of 4 (favorable outcome), 5 patients had a GOS score of 3, and 1 patient had a GOS score of 2 at last follow-up.
The results of our evaluation of the St. Louis scale as a diagnostic test are detailed in Table 6 . For the purposes of evaluation, a score ≥ 5 was considered a positive test predictive for death. The sensitivity of the scale was 94.12%, while the specificity was 75.68%. The positive predictive value for death was 78.05%. The negative predictive value (St. Louis score ≤ 4 indicative of survival) was 93.33%.
discussion our results
Children are not immune to gunshot injuries, intentional or accidental, that plague many cities across the US. When presented with a child who has sustained an intracranial GSW, the neurosurgeon must quickly decide whether the child has a fatal injury, an injury that is potentially nonfatal but very likely to have a devastating neurological outcome, or a survivable injury for which there is a reasonable chance of maintaining or regaining meaningful neurological function. The physician's appraisal of the neurological exam and imaging findings are then presented to the family and, in alignment with their wishes, a decision can be made on how to proceed with treatment. This process of determining what to do is more challenging in children than in adults owing to the former's young age and greater propensity to recover neurological function. This latter point is highlighted by the differences in brain death criteria between children and adults. 21 Our series is one of the few that focuses on GSWs in children. Many reports of civilian cranial GSWs contain both pediatric and adult patients. We refer the reader to the paper by Bandt et al., 2 which includes a tabulated summary of key articles. In their series of 82 children, Beaver et al. 3 concluded that a child who has sustained a firearm injury is more likely to know the perpetrator, to be killed in the home by a readily available unsecured firearm, and to die of severe head injury. Paret et al. reported on 51 children and found admission GCS scores, CT findings of intraventricular hemorrhage and midline shift, and metabolic abnormalities to be of prognostic value. 22 One Fig. 2 . Overall GOS scores of the study cohort and GOS scores after surgical intervention. GOS scores: 1 = death; 2 = persistent vegetative state; 3 = dependent, severe disability; 4 = independent, minor disability; 5 = normal, minimal disability.
Fig. 3.
Relationship of admission GCS score and overall GOS score. of the largest series known to us is by Levy et al., which comprised 105 children treated at the University of Southern California/Los Angeles County Medical Center. 17 The majority of the children in that series (72%) were treated for gang-related injuries, and patient age, sex, GCS score, projectile entry site, and bihemispheric injury were predictive variables.
We found that certain clinical (admission GCS score ≤ 5, bilateral fixed and dilated pupils), laboratory (initial hematocrit < 30%, base deficit < -5 mEq/L), and CT (deep nuclear/third ventricular injury, injury to ≥ 3 lobes, transventricular injury, bihemispheric injury) results were statistically associated with death. An age less than 9 years, an initial ICP > 30 cm H 2 O (or mm Hg), both supra-and infratentorial injury, and midline shift were not predictive.
Several other reports emphasize the importance of the GCS score at presentation in management decision making. 5, 7, 8, 10, 16, 17, 22, 23, 26 While our data do demonstrate a significant association between a GCS score ≤ 5 and overall mortality, we do not recommend using a strict GCS cutoff score alone because of the potential inaccuracy of the admission GCS score in a patient whose neurological function is depressed iatrogenically or in response to inadequate volume resuscitation or hypothermia. In agreement with other authors, we found a strong association between bilaterally fixed pupils and death. 10, 23, 26 The significant association of anemia (hematocrit < 30%) and intravascular volume depletion (base deficit < -5 mEq/L) with mortality reflects the critical importance of rapid correction with fluid and/or blood. Coagulopathy at presentation (INR > 1.5) was not significantly associated with death, probably given the fact that temporary coagulopathy is not as potentially damaging to the at-risk brain as hypotension and that the coagulopathy can usually be readily reversed with transfusion of plasma. The lack of an association between intracranial hypertension (ICP > 30 cm H 2 O) and death is due to inadequate data given our bias for upfront surgery versus ICP monitoring. Although preoperative ICP monitoring was rarely performed, it was routinely used postoperatively.
Similar to the radiological criteria set forth in the St. Louis scale, our data support the ominous findings of deep nuclear/third ventricular injury and transventricular trajectory. The predictive value of transventricular and transhemispheric missile injuries has been reported extensively in the literature on adults. 4, 5, 8, 13, 14, 25, 26, 28 Mixed supratentorial/infratentorial injury did not reach statistical significance-again because of a lack of data-but it should be noted that this injury was associated with 75% mortality. In contrast to Bandt et al., 2 we found that midline shift was not associated with mortality. This finding may be attributable to the fact that this criterion was a binary variable (yes/no) as opposed to a cutoff value. For example, a midline shift > 5 mm is a more significant finding than a shift of 1-2 mm. Furthermore, as stated previously, our threshold in performing a craniectomy was low, which meant that children with midline shift were often rapidly taken for decompression, which would have relieved the midline shift and intracranial hypertension to a greater degree than medical management.
Another important but often immeasurable factor in determining the extent of tissue damage and neurological injury is the muzzle energy, which is the kinetic energy of the projectile upon exiting the barrel of the weapon. It is directly proportional to the weight (or "grain") of the bullet, but more importantly the velocity as kinetic energy = 1/2 × mass × velocity 2 . The greater energy the projectile has upon impact, the greater energy that is dissipated to the surrounding tissue, causing cavitation injury. It is rare that the actual bullet is recovered from the patient, and if it is, it is often a small-caliber bullet (0.22 to 0.38 caliber) from a low-muzzle-velocity weapon (900 to 1300 ft/sec). 5 In the pediatric population, published mortality rates from intracranial GSWs range from 20% to 60%. 2, 7, 11, 16, 17, 19, 22 The mortality rate of our cohort fell within this range (47.9%) and was lower than the mortality reported by Bandt and colleagues (65%). 2 Unfortunately, those authors did not provide a breakdown of the proportion of patients undergoing surgery. In our cohort, 54.9% of patients underwent surgical intervention. Of the survivors, 81% showed only minor disability or better at the last follow-up (GOS Score 4 or 5). This rate is comparable with the results from the St. Louis study in which 88% of survivors had a GOS score of 4 or 5. 
st. louis scale for Pediatric gunshot wounds to the head
A number of prognostic scales have been proposed to help in determining the viability of patients with cranial GSWs. 8, 9, 18, 28, 30 The St. Louis scale is the only one that we know of that is specific for children and marks a significant contribution to the literature. 2 In Bandt and colleagues' series, a St. Louis scale score ≤ 4 was associated with a positive predictive value of 88.9% for survival; a score ≥ 5 was associated with a negative predictive value of 96.7% for death. The sensitivity of the scale, using the St. Louis cohort, was 93.55% and the specificity of the scale was 94.12%.
The mean St. Louis score for the nonsurvivors in our cohort was 10, which is in general agreement with the utility of the scale. However, the mean St. Louis score for the group with a GOS score of 3 was 8.5, which demonstrates that some patients with a St. Louis score ≥ 5 can and will survive. In fact, 9 survivors had St. Louis scores ≥ 5. Of these 9 patients, 3 had a GOS score of 4 at the last follow-up and 5 had a GOS score of 3. While severe disability may be considered an unfavorable outcome by some (and probably more so for an adult patient), many families would disagree with this sentiment when faced with the imminent death of their child. Upon further investigation into this subgroup of the cohort, the higher St. Louis scores were primarily attributable to deep nuclear injury and bihemispheric injury without transventricular trajectory. Additional points were gained from low SBP and midline shift. As such, some survivors with the potential for a favorable outcome may be missed if judged by the St. Louis scale score alone.
Using our patient population, we determined that the St. Louis scale was sensitive (94.12%), but lacked specificity for death as an outcome (75.68%). A score ≥ 5 was associated with a positive predictive value of 78.05% for death; a score ≤ 4 was associated with a negative predictive value of 93.33% for death (in other words 93.33% predictive for survival). Therefore, we conclude that the St. Louis scale is more useful for determining those who will survive (score ≤ 4) rather than those who will die (score ≥ 5). Unfortunately, the more difficult decisions involve the children whose St. Louis scale score is greater than 5.
study limitations
A retrospective study design is always touted as a limitation, but it is difficult to conduct a prospective singlecenter study on an event that occurs with an average frequency of 4 patients per year. Even though our series is one of the larger ones, it still has a relatively small number of patients, which limits the strength of our findings and conclusions.
conclusions
In Memphis and other large metropolitan communities, pediatric intracranial GSWs are an unfortunate reality. In this study, 52% of children with an intracranial GSW survived with aggressive surgical and medical care, and 81% of survivors had a favorable outcome (GOS Score 4 or 5) at the last follow-up. The utility of several clinical, laboratory, and radiological prognostic factors were verified. None of these factors, with the exception of bilateral fixed and dilated pupils, should be used alone to determine prognosis and treatment, but instead all factors should be considered together as they have greater predictive power collectively. When used in our population as a predictive tool, the St. Louis Scale for Pediatric Gunshot Wounds to the Head was superior at forecasting survival after a gunshot injury rather than death.
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